other hand, family 19 chitinases were found only in higher plants until recently, but chitinase C (ChiC) of Streptomyces griseus HUT6037 has been identified as the first family 19 chitinase in an organism other than higher plants. 12) The number of family 19 chitinases found in other organisms has increased. For example, general occurrence in Streptomyces species and wide distribution in the class Actinobacteria has been demonstrated. [13] [14] [15] In addition, the recent progress of genome-sequencing projects has revealed the presence of family 19 chitinases in some other bacteria [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] and a few other organisms, including a nematode. 27) Plant family 19 chitinases are thought to be part of a defense mechanism against fungal pathogens, and some plant chitinases exhibit antifungal activity in vitro. [28] [29] [30] Since S. griseus ChiC shares significant sequence similarity to plant family 19 chitinases in the catalytic domain, the antifungal activity of ChiC has been examined and a remarkable ability of ChiC to inhibit hyphal extension of Trichoderma reesei demonstrated. 31) The chitin binding domain of ChiC (ChBD ChiC ) belongs to CBM family 5, and deletion of ChBD decreased antifungal activity to less than one tenth.
To test the possibility of using ChiC as a genetic tool to increase plant resistance to fungal disease, the chiC gene was introduced into rice plant. Transgenic rice plants expressing the chiC gene exhibited increased resistance to blast disease. 32) Although the number of family 19 chitinases found in bacteria and our knowledge of the structure and properties of bacterial family 19 chitinases are rapidly increasing, the role of bacterial family 19 chitinases is still not at all clear. As the initial step of an attempt to clarify the role of bacterial family 19 chitinases, family 18 and 19 chitinases produced by S. coelicolor A3 (2) were purified and their properties compared. The entire genome sequence of S. coelicolor A3 (2) has been determined at the Sanger Institute (http://www.sanger. ac.uk/), and 13 chitinases genes, 11 family 18 and two family 19, have been identified.
Materials and Methods
Strains, plasmids, media, and culture conditions. The organisms and plasmids used in this study are listed in Table 1 . Escherichia coli JM109 was the host strain used throughout the construction of various recombinant plasmids. E. coli BL21(DE3) (Novagen, Madison, WI) was used for the expression of various chitinase genes of S. coelicolor A3 (2) . pT7 Blue T-vector (Novagen) was used for nucleotide sequencing of amplified DNA fragments obtained by polymerase chain reaction (PCR). The plasmids carrying chitinase genes from S. coelicolor A3(2) are shown in Table 1 . E. coli JM109 carrying the plasmids were grown at 30 C in LuriaBertanai (LB) medium containing 100 mg/ml ampicillin for plasmid preparation. Fungi used in the assay for antifungal activity of chitinases were grown on potatodextrose agar (PDA) medium.
Construction of plasmids for expression of chitinase genes. Expression plasmids for the chitinase genes of S. coelicolor A3(2) were constructed using pET12a as the vector plasmid. The coding regions of the chi18aC, chi18aD, chi18bA, and chi19F genes were amplified by PCR using LA Taq DNA polymerase (TaKaRa, Kyoto, Japan) and the following primer sets: Chi18bA-F (5 0 -CATATGGACCCCGTACGCAGACG-3 0 ) and Chi18-bA-R (5 0 -GGATCCGGGTTACGGCAGGGCGTG-3 0 ) for Chi18bA, Chi18aC-F (5 0 -CATATGCGCTTCAGA-CACAAAGC-3 0 ) and Chi18aC-R (5 0 -GGATCCGTGT-TACTTGAGGCCGCT-3 0 ) for Chi18aC, Chi18aD-F (5 0 -CATATGCACGTCCCGCACCTC-3 0 ) and Chi18aD-R (5 0 -GGATCCGGTTCAGTCGATCGCCCTGA-3 0 ) for Chi18aD, and Chi19F-F (5 0 -CATATGTCGAGGCG-CCGTATATC-3 0 ) and Chi19F-R (5 0 -GGATCCGCGT-CAGCAGTACAGGTTG-3 0 ) for Chi19F. The forward primers for PCR were identical to the N-terminal regions of the each chitinase gene except that the initiation codons were changed from GTG to ATG and an additional sequence consisting of a NdeI cleavage site was added at the 5 0 ends. The reverse primers were complementary to the C-terminal regions of the each chitinase gene and a BamHI cleavage site was attached at the 3 0 end. Amplified fragments were ligated with pT7Blue T-vector and maintained in E. coli JM109, and nucleotide sequences were confirmed by sequencing with an automated laser fluorescence sequencer (model 4200; LI-COR, Lincoln, NE). Sequencing reactions were done using a Thermo Sequenase Primer Cycle Sequencing Kit with 7-deaza-dGTP (Amersham Biosciences, Uppsala, Sweden) according to the supplier's instructions with double-stranded DNA as a template. After confirmation of the sequence, inserted DNA fragments were excised by digestion with BamHI and NdeI, and ligated to expression vector pET12a, and the expression plasmids carrying the coding region of four chitinase genes were thus obtained.
Production and extraction of chitinases. E. coli BL21(DE3) cells harboring an expression plasmid carrying the chitinase gene were grown at 33 C on LB medium containing 100 mg/ml ampicillin. IPTG was added at OD 660 ¼ 0:8, 0.6, 0.6, and 1.2 for production of Chi18aC, Chi18aD, Chi18bA, and Chi19F respectively, and cultivation was continued for a further 3 to 4 h. The cells were harvested by centrifugation (8;000 Â g, 10 min, 4 C) and the periplasmic proteins were extracted by the cold osmotic shock procedure.
34) The extracted periplasmic proteins containing chitinases were collected by ammonium sulfate precipitation (60% saturation for Chi18aC, Chi18aD, and Chi18bA, and 70% saturation for Chi19F), dissolved in 20 mM sodium phosphate buffer (pH 6.0), dialyzed against 1 mM sodium phosphate buffer (pH 6.0), and lyophilized.
Purification of Chi18aC and Chi18aD. Lyophilized proteins containing Chi18aC or Chi18aD were dissolved in a small volume of 1 mM sodium phosphate buffer (pH 6.0) and applied onto a hydroxylapatite column (1 Â 13 cm) previously equilibrated with the same buffer. The column was washed with five times the column volume of 1 mM sodium phosphate buffer (pH 6.0), and chitinase was eluted with 50 mM sodium phosphate buffer (pH 6.0). The fractions containing chitinase were collected and dialyzed against 1 mM sodium phosphate buffer (pH 6.0). The dialyzed solution containing purified Chi18aC or Chi18aD was lyophilized.
Purification of Chi18bA. Lyophilized proteins containing Chi18bA were dissolved in a small volume of 20 mM sodium phosphate buffer (pH 6.0) and applied onto a chitin affinity column (1 Â 13 cm). After the column was washed with a five-column volume of 20 mM Sodium phosphate buffer (pH 6.0) and then five column volume of 20 mM sodium acetate buffer (pH 4.5), absorbed proteins were eluted with 20 mM sodium acetate buffer (pH 4.0). The peak fractions containing Chi18bA were collected, dialyzed against 1 mM sodium phosphate buffer (pH 6.0), and lyophilized.
Purification of Chi19F. Lyophilized protein containing Chi19F was dissolved in a small volume of 20 mM sodium phosphate buffer (pH 6.0) and applied onto a hydroxylapatite column (3:5 Â 13 cm) previously equilibrated with the same buffer. Proteins were eluted with the same buffer and the peak fractions containing Chi19F were collected, dialyzed against 1 mM sodium phosphate buffer (pH 6.0), and lyophilized.
Electrophoresis of protein. SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was done using 12.5% polyacrylamide gel by the method of Laemmli. 35) Protein bands were detected by staining with Coomassie Brilliant Blue R-250.
N-terminal amino acid sequence analysis. The purified chitinase on the polyacrylamide gel was electroblotted onto a polyvinylidene difluoride membrane, as described by Matsudaira. 36) The membrane was briefly stained with Coomassie Brilliant Blue R-250 to make protein bands visible, and excised chitinase bands were sequenced on a Shimadzu protein sequencer PSQ-21 (Osaka, Japan).
Enzyme and protein assay. Chitinase activity was generally measured in the reaction mixture (total 750 ml) containing 0.2% (w/v) substrate and purified chitinase in 0.1 M buffers. The reaction was performed at 37 C for 10 min and the amount of reducing sugar generated was measured by a modification of Schale's 37) procedure using N-acetyl-D-glucosamine as a standard.
The protein concentration was estimated from the absorbance at 280 nm using the molar extinction coefficients "ðChi18bAÞ ¼ 85;150, "ðChi18aCÞ ¼ 151;500, "ðChi18aDÞ ¼ 100;250 and "ðChi19FÞ ¼ 78;250, based on the deduced amino acid compositions of these chitinases. 38) Effects of temperature. The optimum temperature of the chitinases was measured after incubation with glycol chitin and colloidal chitin in 0.1 M sodium phosphate buffer (pH 6.0) at 30, 40, 50, 60, 70, and 80 C for 10 min.
Effects of pH. The optimum pH of the chitinases was measured by incubation with glycol chitin, soluble chitin, colloidal chitin, and Chitin EX in the buffer at various pHs (2.0-12.0) at 37 C for 10 min. The buffers used were: 0.1 M sodium citrate (pH 2.0-6.0), 0.1 M sodium phosphate (pH 6.0-8.0), 0.1 M glycine-NaOH (pH 8.0-10.0), and 0.1 M NaH 2 PO 4 -NaOH (pH 10.0-12.0) buffers.
Substrate specificity. The substrate specificity of the chitinases was measured by incubation with various substrates at two different pHs (4.0 and 6.0). 0.1 M sodium citrate buffer (pH 4.0) and 0.1 M sodium phosphate buffer (pH 6.0) were used in the experiments. The substrates used were glycol chitin, soluble chitin, colloidal chitin, powdered prawn shell chitin (chitin EX), highly crystalline -chitin microfibrils, and chitosan 7B (70% deacetylated).
Antifungal assay. A paper disk was placed on the center of a Petri dish containing potato dextrose agar (PDA, Nissui, Tokyo). Wells for enzyme solution were subsequently punched into the agar at a distance of 15 mm from the center of the Petri dish. Then 50 ml of the fungus conidia suspension was inoculated onto the paper disk and the plates were incubated at 30 C. When the edge of the fungal colony reached a distance of 1 to 2 mm from the wells, 30 ml of enzyme solution was poured into the wells. The plates were incubated further at 30 C for 1-3 d and the inhibition of hyphal extension was observed.
Chemicals. Colloidal chitin and glycol chitin were prepared from powdered chitin purchased from Funakoshi Chemical (Tokyo) following the methods described by Jeuniaux and Yamada and Imoto respectively. 39, 40) Soluble chitin was obtained from Yaizu Suisan Chemical (Shizuoka, Japan). The degree of deacetylation and the approximate molecular weight of soluble chitin were 39% and 25,000. Chitin EX (powdered prawn-shell chitin) and chitosan 7B were purchased from Funakoshi Chemical. -chitin microfibrils were prepared from tubes of vestimentiferan, Lamellibranchia satsuma, following methods described by Sugiyama et al.
41)

Results
Streptomyces coelicolor chitinases
Thirteen chitinase genes, encoding two family 19 and 11 family 18 chitinases, have been identified in the S. coelicolor genome. Figure 1 shows the domain structures of these chitinases deduced from their amino acid sequences. Bacterial family 18 chitinases can be further classified into subfamilies A, B, and C on the basis of amino acid sequence similarity of the catalytic domains. 42) Four family 18 chitinases of this bacterium are in subfamily A, three in subfamily B, and four in subfamily C. At least one chitinase consisting of only the catalytic domain is in each subfamily of family 18 and one in family 19. The other chitinases all contain possible chitin-binding domains, and two chitinases in subfamily A and B have fibronectin type III-like domains (FnIII domains).
The names of these chitinases previously used were based on similarity with other Streptomyces chitinases or the order of identification. However, when we deal with so many chitinases, such traditional naming causes a great deal of confusion. Hence, we employed more systematic naming that basically follows the system proposed by B. Henrissat. 43) We add letters indicating subfamily and a letter in the previous name after the numeral of the family number in the case of family 18 chitinases. Thus, for example, ChiC becomes Chi18aC and the chiC gene becomes chi18aC. For family 19 chitinases, since no subfamily is defined, ChiF, for example, becomes Chi19F, and the gene becomes chi19F.
Saito et al. examined transcription of eight chitinase genes in the presence and absence of colloidal chitin and found that the transcription of five genes (chi18bA, chi18bB, chi18aC, chi18aD, and chi19F) increased in the presence of colloidal chitin 33) while that of the other three genes did not. The induced levels of the transcripts of chi18bB were significantly lower than those of the other four genes. These observations suggest that the chitinases encoded by these four genes are especially important for digestion and utilization of chitin by this organism. Hence we decided to construct an E. coli expression system of the four chitinase genes (chi18bA, chi18aC, chi18aD, and chi19F) and we examined enzymatic properties of the four chitinases. Expression of Chi18aJ and Chi18bI at a level comparable to that of Chi18aD was demonstrated later (unpublished data), but these chitinases were not included in this study.
Production and purification of Chi18aC, Chi18aD, Chi18bA, and Chi19F
Coding regions of the chi18aC, chi18aD, chi18bA and chi19F genes were amplified by PCR and expression plasmids were constructed as described in ''Materials and Methods.'' The four chitinases were produced in E. coli BL21 (DE3) cells harboring these plasmids (see Table 1 ) and extracted from the periplasmic space of the cells by the cold osmotic shock procedure. Chi18bA was purified from the extracted proteins by chitin affinity column chromatography. Chi18aC, Chi18aD, and Chi19F were purified from the extracted proteins by hydroxylapatite column chromatography. As shown in Fig. 2A , purified chitinases exhibited single protein band on SDS-PAGE gel, except for Chi18bA. Purified Chi18bA gave two bands, as shown in lane 6 of Fig. 2A . But, the N-terminal amino acid sequences of these two bands were identical and matched the deduced Nterminal amino acid sequence of the mature portion of the chi18bA gene. In addition, the ratio of the two bands varied depending on the concentration of SDS in the sample buffer used for pretreatment of purified proteins prior to SDS-PAGE (Fig. 2B) . Therefore we concluded that the two bands are both derived from purified Chi18bA. The yields of the purified chitinases were 2.2 mg for Chi18aC, 8.0 mg for Chi18aD, 4.5 mg for Chi18bA, and 0.7 mg for Chi19F from one liter culture of E. coli BL21 (DE3) cells harboring the relevant recombinant plasmids.
Fig. 2. SDS-PAGE Analysis of Chitinases Produced in E. coli.
A, Crude and purified chitinases. MW, size maker; 1, crude Chi18aC (100 mg); 2, purified Chi18aC (10 mg); 3, crude Chi18aD (100 mg); 4, purified Chi18aD (10 mg); 5, crude Chi18bA (100 mg); 6, purified Chi18bA (10 mg); 7, crude Chi19F (100 mg); 8, purified Chi19F (10 mg). 
Effects of temperature on the activities of the four chitinases
The effects of temperature on the activity of these chitinases were examined using glycol chitin and colloidal chitin as the assay substrate (Fig. 3) . Family 18, subfamily A chitinases, Chi18aC, and Chi18aD exhibited maximum activity at a higher temperature (60 C) than those of Chi18bA and Chi19F (50 C) on both substrates. Chi19F maintained approximately 80% of maximum activity at 30 C on the two substrates, while the relative activities the other chitinases were less than 45%.
Effect of pH on the activities of the four chitinases
Prior to comparing hydrolytic activity among purified Chi18aC, Chi18aD, Chi18bA, and Chi19F, the effects of pH on the hydrolytic activity of these chitinases against various substrates were examined. The chitinous substrates used in these experiments include glycol chitin, soluble chitin, colloidal chitin, and powdered shrimp shell chitin (chitin EX). Figure 4 shows pH-activity profiles of the four chitinases.
Family 18-subfamily A chitinases, Chi18aC, and Chi18aD exhibited similar pH profiles with all substrates. The two chitinases showed high activity in a broad pH, range toward soluble chitin, colloidal chitin, and powdered shrimp shell chitin. In the case of soluble chitin, two peaks, one at low pH and the other at high pH, were observed with the two chitinases. The pH profiles of the two chitinases obtained with glycol chitin were quite unusual, in that maximum activities were observed at extremely low and/or high pH. The maximum activity of Chi18aD was at pH 3.0 and pH 4.0, and of Chi18aC at pH 2.0.
Chi18bA, a family 18-subfamily B chitinase, exhibited the highest activity at low pH toward all substrates tested. Maximum activity obtained with soluble substrates were lower than that obtained with insoluble substrates, viz., pH 3.0 for glycol chitin and soluble chitin, pH 4.0 for colloidal chitin, and pH 4.0 to 6.0 for powdered shrimp shell chitin.
Family 19 chitinase, Chi19F showed maximum activity in a neutral pH range with all substrates and had significantly high activity between pH 4.0 and 8.0 toward all substrates.
Substrate specificity
As described above, the pH and activity profiles were quite different among the four chitinases and among the four substrates used. To test the substrate specificities of the four chitinases, hydrolytic activity toward various substrates was measured at pH 4.0 and pH 6.0. This is because maximum activity was observed mostly at pH 4.0 and/or 6.0 toward all substrates except for glycol chitin. Although maximum activity was observed at extremely high and/or low pHs with glycol chitin as the substrate, such extreme pH does not appear to be the general condition when these chitinases hydrolyze chitin.
The substrates used for this experiment were glycol chitin, soluble chitin, colloidal chitin, powdered prawn shell chitin (chitin EX), highly crystalline -chitin microfibrils, and chitosan 7B (70% deacetylated). As shown in Fig. 5 , Chi19F exhibited extremely high activity as compared with the other three chitinases against soluble substrates (glycol chitin and soluble chitin) at both pH 4.0 and pH 6.0. Among the three family 18 chitinases, Chi18bA showed highest activity against soluble substrates, and the activity was higher at pH 4.0 than pH 6.0. On the contrary, toward crystalline substrates (powdered prawn shell chitin and -chitin microfibrils), the hydrolytic activity of Chi19F was the lowest among the four chitinases. Especially the hydrolytic activity of Chi18aC against -chitin microfibrils was markedly higher than those of the other chitinases. All four chitinases hydrolyzed colloidal chitin equally well. Chitosan was more accessible at pH 6.0 than pH 4.0. Chi19F exhibited lowest activity at pH 4.0 and highest activity at pH 6.0 among the four chitinases. Chitin and Colloidal Chitin. , Chi18aC (16.7 pmol/ml for glycol chitin, 66.7 pmol/ml for colloidal chitin); , Chi18aD (16.7 pmol/ml for glycol chitin, 66.7 pmol/ml for colloidal chitin); , Chi18bA (4.17 pmol/ml for glycol chitin, 66.7 pmol/ml for colloidal chitin); Â, Chi19F (1.33 pmol/ml for glycol chitin, 66.7 pmol/ml for colloidal chitin).
This observation can be explained by the extremely high activity of this chitinase toward soluble substrates.
Antifungal activity
As we reported previously, chitinase C from S. griseus HUT6037, the first family 19 chitinase found in an organism other than higher plants, has antifungal activity and inhibits hyphal extension of Trichoderma reesei. Since Chi19F shares considerable amino acid sequence similarity with chitinase C (identity of amino acid sequences, 69%), we examined the antifungal effect of Chi19F together with the two family 18 chitinases. As shown in Fig. 6 , Chi19F inhibited hyphal extension of T. reesei, Trichoderma viride, Mucor javaniccus, and Fusarium solani, significantly. It slightly inhibited hyphal extension of Aspergillus niger, Fusarium oxysporum, and Botrytis cineria. The antifungal activities of family 18 chitinases were not significant, but Chi18bA slightly inhibited the growth of T. reesei, T. viride, and M. javaniccus. The other family 18 chitinase, Chi18aC, did not show any antifungal activity.
To test the combined effect of Chi19F and other family 18 chitinases, the antifungal activity of mixtures of the two chitinases was examined. As shown in Fig. 7 , zones of inhibition formed by mixtures of family 18 and 19 chitinases (Chi19F þ Chi18bA) and (Chi19F þ Chi18aC) were slightly larger than that by Chi19F alone as observed at 56 h incubation. But the combined effect on growth inhibition was not significant and thus it appears that family 18 chitinases did not enhance the antifungal activity of a family 19 chitinase, Chi19F.
Discussion
Four chitinases, Chi18aC, Chi18aD, Chi18bA, and Chi19F of S. coelicolor were successfully produced in E. coli and purified. This made it possible to study and compare the properties of major chitinases produced by one organism in detail. It appeared that S. coelicolor produces a variety of chitinases that are active toward various states of chitin under various conditions. Chi18aC exhibited highest activity toward crystalline substrates, chitin EX (powdered prawn shell chitin) and -chitin microfibrils. This chitinase might play a key The final concentrations of enzymes used for this experiment were as follows: Chi18aC and Chi18aD, 16.7 pmol/ml for glycol chitin and soluble chitin, 66.7 pmol/ml for colloidal chitin, and 133.3 pmol/ml for chitin EX. Chi18bA, 4.17 pmol/ml for glycol chitin and soluble chitin, 66.7 pmol/ml for colloidal chitin, and 133.3 pmol/ml for chitin EX. Chi19F, 1.33 pmol/ml for glycol chitin and soluble chitin, 66.7 pmol/ml for colloidal chitin and 133.3 pmol/ml for chitin EX). , Sodium citrate buffer for pH 2.0-6.0; , Sodium phosphate buffer for pH 6.0-8.0; , Glycine-NaOH buffer for pH 8.0-10.0; Â, NaOH-Phosphate buffer for pH 10.0-12.0. role in the degradation and utilization of chitin by this organism. Chitinases which have high activity on crystalline chitin, such as Bacillus circulans chitinase A1 and Serratia marcescens chitinase A, belong to subfamily A and have deep a catalytic cleft formed by two insertion domains on the ð=Þ 8 basic structure. 44, 45) In addition, linearly aligned aromatic amino acid residues are on the catalytic domain, which, it has been proposed, plays an important role in guiding a chitin chain from the crystalline chitin surface to the deep catalytic cleft. In the catalytic domain of Chi18aC, corresponding aromatic residues, W249, Y252, W341, and W457, were observed. Chi18aD also belongs to subfamily A, but this chitinase was less active toward crystalline substrates than Chi18aC. It is very similar to the catalytic domain of Chi18aC (amino acid identity, 70%), and it also contains corresponding aromatic amino acids, W62, Y65, W154, and W269. Therefore, most probably the main reason of its low activity on the crystalline substrates is lack of the chitin-binding domain.
Chi18aC and Chi18aD exhibited unusual pH-activity The final concentrations of enzymes used in this experiment were as follows: Chi18aC and Chi18aD, 16.7 pmol/ml for glycol chitin and soluble chitin, 66.7 pmol/ml for colloidal chitin and chitosan 7B, 133.3 pmol/ml for chitin EX, and 33.3 pmol/ml for -chitin. Chi18bA, 4.17 pmol/ml for glycol chitin and soluble chitin, 66.7 pmol/ml for colloidal chitin and chitosan 7B, and 133.3 pmol/ml for chitin EX andchitin. Chi19F, 1.33 pmol/ml for glycol chitin and soluble chitin, 66.7 pmol/ml for colloidal chitin and chitosan 7B, and 133.3 pmol/ml for chitin EX and -chitin.
profiles when measured with glycol chitin. Although some researchers have observed pH-profiles that have two peaks at high pH and low pH with several chitinases, the pH profiles of Chi18aC and Chi18aD appear to be extreme. The reason some chitinases give two peaks at low and high pHs has not been clarified as yet. But, one possible explanation is as follows: Chitinases such as Chi18aC and Chi18aD have a deep catalytic cleft formed by the two insertion domains, and these domains make the top of the catalytic cleft narrow and might interfere with the entrance of long-chain soluble substrate into the catalytic cleft in the neutral pH range. At extremely high or low pH, conformational change occurs which makes the top of the catalytic cleft wider or the cleft structure more flexible. This results in long-chain soluble substrate easily entering into the catalytic cleft and the chance of hydrolysis increases. Chi19F exhibited extremely high activity toward soluble substrates, while it was not active toward crystalline substrates. Especially, it did not hydrolyze highly crystalline -chitin microfibrils substantially. Chi19F with such unique enzymatic properties almost alone exhibited remarkable antifungal activity, while Chi18aC, which is most active toward crystalline chitin, did not show any significant antifungal activity. These results clearly demonstrated that crystalline chitin hydrolysis is not important when chitinases inhibit the growth of fungal hyphae. This appears to be consistent with the observation that Chi18bA exhibited weak but significant antifungal activity. This chitinase has highest activity in soluble substrate hydrolysis and lowest in crystalline chitin hydrolysis among the three family 18 chitinases. Chitinases are thought to attack hyphal tips when they inhibit hyphal extension and the chitin newly synthesized at the hyphal tips is thought to be not yet firmly crystallized. If so, the substrate specificity of Chi19F might be reasonable for its remarkable antifungal activity. Morphological study is necessary to understand the correlation between enzymatic and antifungal properties of family 19 chitinases.
Still it is possible that Chi19F plays an important role in the degradation and utilization of chitin by S. coelicolor through hydrolysis of oligosaccharides or less crystallized regions of chitin. But, it does not appear to be necessary for degradation and utilization of chitin for the following reasons: First, many chitinolytic bacteria do not possess family 19 chitinase but these can degrade and utilize chitin. Second, family 18 subfamily B chitinases generally have significant activity to hydrolyze soluble substrates, and S. coelicolor has three genes for subfamily B chitinases. Taken together with the remarkable antifungal activity of family 19 chitinases, the major role of family 19 chitinases might be in the interaction between fungi and Streptomyces (or Actinobacteria), either directly or indirectly. The close phylogenetic relationship of family 19 chitinases and certain other data suggest that family 19 chitinase genes were first acquired by an ancestor of Streptomyces species and spread among the Actinobacteria by horizontal gene transfer. 15) If these assumptions are correct, Streptomyces species (or Actinobacteria) have acquired some advantages in the interaction with fungi by obtaining the family 19 chitinase genes. Well 1, Chi19F (500 pmol); 2, Chi18bA and Chi18aC (500 pmol each); 3, Chi18bA and Chi19F (500 pmol each); 4, Chi18aC and Chi19F (500 pmol each). 
